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Abstract
Planting service crops (SCs) with late summer manure applications has been promoted as an agronomic practice to capture

manure nitrogen (N) and release it to the following season’s cash crop, thereby reducing fertilizer N requirements. The present
study explored this hypothesis using a cereal rye (Secale cereale L.) monoculture SC, along with two polyculture SCs (4 species
and 12 species) both containing rye, planted after winter wheat (Triticum aestivum L.) harvest, in systems with and without liquid
hog manure. The following spring, SC regrowth was chemically terminated 1 week prior to corn (Zea mays L.) planting, and
a sidedress N application was made at the 6–8 leaf stage to half of the plots. Corn N accumulation and final grain yield were
reduced up to 20% following the rye monoculture in both years, even though SCs did not reduce soil mineral N nor partial
plant-available N over the corn-growing season. Additionally, the sidedress N application could not overcome the yield loss
associated with rye. Thus, this study did not observe N release by SCs to the following cash crop and demonstrates that yield
loss can occur when corn follows rye SCs irrespective of changes in plant available N. This research reinforces the importance
of selecting appropriate species and their proportions in polycultures, to mitigate negative impacts of SCs, especially those of
rye on corn.

Key words: cover crops, cereal rye, polycultures, manure, corn, nitrogen

Résumé
Planter une culture-abri et épandre du fumier à la fin de l’été sont vantés comme de bonnes pratiques agronomiques pour

capter l’azote (N) que renferment les déjections animales et le libérer la saison suivante de manière à réduire les besoins
en engrais azotés. Les auteurs ont vérifié cette hypothèse en utilisant comme culture-abri du seigle (Secale cereale L.) ou
deux polycultures (quatre espèces et douze espèces) incluant chacune du seigle, toutes semées après la récolte du blé d’hiver
(Triticum aestivum L.), avec ou sans épandage de lisier de porc. Le printemps suivant, ils ont mis fin à la culture-abri par
traitement chimique une semaine avant la plantation du maïs (Zea mays L.). La moitié des parcelles ont reçu une application
latérale d’engrais N au stade de la sixième-huitième feuille. L’accumulation de N dans le maïs et le rendement grainier final
ont baissé de 20 % après la monoculture de seigle, les deux années, bien que la culture-abri n’ait pas réduit la concentration de
N minéral dans le sol, ni la proportion du N assimilable par la plante pendant la période végétative. D’autre part, l’application
latérale de N n’a pas compensé la baisse de rendement attribuable au seigle. Les auteurs en concluent que la culture-abri n’a
pas libéré de N que la culture commerciale aurait pu assimiler l’année suivante. En revanche, le rendement du maïs peut
diminuer après la culture-abri, peu importe la variation de la quantité de N à la disposition de la plante. Les résultats de ces
travaux montrent que si on veut atténuer les effets négatifs des cultures-abris, celle de seigle surtout, sur le maïs, il importe
de choisir les bonnes espèces et leurs proportions dans une polyculture. [Traduit par la Rédaction]

Mots-clés : culture-abri, seigle, polycultures, fumier, maïs, azote

Introduction
Managing manure nitrogen (N) applied in summer is a chal-

lenge for crop–livestock farmers. Nitrate leaching, ammonia
volatilization, and denitrification over the nongrowing sea-
son all have significant environmental externalities, in ad-
dition to the loss of fertilizer replacement value from ma-

nure. Service crops (SCs; commonly known as cover crops)
are plants grown for the ecosystem services they provide,
rather than a harvestable product (Ogilvie et al. 2019). It is
well established that SCs can successfully recover leachable
N (Vyn et al. 2000; Parkin et al. 2006; Krueger et al. 2011;
Thilakarathna et al. 2015; Komainda et al. 2018). However,
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it is not clear that SCs will reliably release manure N to syn-
chronize with the N demand of subsequent corn (Zea mays L.)
growth.

Species selection and biomass quantity and quality of SCs
strongly influence N release patterns from SCs (Wagger et al.
1998; Dabney et al. 2001). For example, following fall termi-
nation, timing of N release from red clover (Trifolium pratense
L.) interseeded into winter wheat (Triticum aestivum L.) is un-
derstood to synchronize well with corn N demand in north-
ern temperate agroecosystems (Vyn et al. 2000; Gaudin et al.
2013; Thilakarathna et al. 2015). Indeed, corn yields tend to
respond positively to prior leguminous SCs (Kramberger et al.
2009; Marcillo and Miguez 2017).

The same cannot be said for some cereals like cereal rye
(Secale cereale L.; hereafter referred to as rye) (Martinez-Feria
et al. 2016). For example, Thilakarathna et al. (2015) did not
find evidence that perennial ryegrass (Lolium perenne L.) nor
oat (Avena sativa L.) transferred N from fall-applied liquid hog
manure to the following corn crop, though red clover had
positive fertilizer-N equivalent and apparent N recovery val-
ues. Similarly, Seman-Varner et al. (2017) reported an N credit
to corn when poultry litter was fall-applied in combination
with a legume SC (crimson clover [Trifolium incarnatum L.] or
hairy vetch [Vicia villosa Roth]), but there was no N credit from
rye. Raimbult et al. (1991) and Tollenaar et al. (1993) observed
reductions in corn yields after rye, possibly caused by allelo-
pathic or phytotoxic exudates from rye. However, tests of ex-
tracts from three rye populations, in other research did not
reveal an allelopathic effect on corn (Dhima et al. 2006).

Service crop polycultures may provide intermediate levels
of N recovery and release along with other ecosystem ser-
vices (Finney and Kaye 2017; Thapa et al. 2018; Ogilvie et al.
2019). A study by Hunter et al. (2019) found that compara-
ble corn yields were achieved following polycultures with
low C:N, as with legume monocultures. The meta-analysis by
Marcillo and Miguez (2017) reported a 13% average increase
in corn yields following SC polycultures, compared with a
21% increase following legume SCs, and no change follow-
ing grasses, in systems where fertilizer N is not adjusted for
SC N contributions. More research is needed to explore ma-
nure N recovery and release from SC polycultures, especially
those including rye, relative to monocultures and the subse-
quent effect on corn yield and N uptake. The objectives of this
study were to determine the effect of a rye monoculture and
two polyculture SCs, which included rye, with and without
manure, on corn yield and apparent N recovery.

Materials and methods

Site description
The experiment was established on two neighboring fields

in the summers of 2016 and 2017 on a commercial farm
(42◦33′′57′′N, 82◦10′′23′′W) near Dresden, ON. The soils at the
site are listed as mainly the Tavistock and Maplewood soil se-
ries with complex slopes and some Bennington series at the
crests of slopes (AAFC 2000). The soil is imperfectly (Maple-
wood) to poorly drained (Tavistock), depending on landscape
position; both fields had been tile drained as is typical for the

region. Based on the analysis of seven samples, the texture
(the hydrometer method) at the site was found to be a sandy
loam with 55% sand, 28% silt, and 17% clay on the first field
(2016–2017), and a loam with 30% sand, 47% silt, and 23% clay
on the second field (2017–2018). The first field had a soil pH
of 6.1, organic matter (Walkley–Black) of 3.4%, and phospho-
rus (sodium bicarb) of 19 ppm; the second field had a pH of
5.9, organic matter of 4.1%, and phosphorus of 46 ppm. Both
fields had been in a corn–sugar beet (Beta vulgaris subsp. Vul-
garis L.)–soybean (Glycine max L. Merr.)–winter wheat rotation
with strip-tillage, manure, and SCs for approximately two cy-
cles and a long history of liquid swine manure applications.

Experimental design
The experimental design was a three-factor factorial in a

split block-by-split plot arrangement: SCs (no service crop
(noSC), monoculture rye, four-species polyculture,12-species
polyculture; Table 1) were the main plot factor, manure was
applied or not applied in a split block fashion perpendicular
to the SC plots, and sidedress-N was applied or not applied in
a split plot fashion within each SC plot. In both fields, this was
replicated four times for a total of 64 plots that were ∼30 m
long by 3 m wide to allow for commercial equipment and
multiple destructive samples to be taken over the course of
the season.

Site management
The experimental sites were established after winter wheat

harvest; straw and chaff were chopped with John Deere’s
9660 stock residue sizing and distribution system and spread
across the field. In late July (Table 2), ∼70 000 L ha−1 of liquid
hog manure was applied to the manure split of each block
with a Kuhn liquid manure injector at approximately a 5-cm
depth with discs spaced 28 cm apart; manure was applied in
a path perpendicular to the planting of SCs and corn. Before
filling the tanker, the manure pit had been agitated for ap-
proximately 1 h; manure samples for nutrient analysis were
taken from the flow stream as the tanker was being filled
(analysis was conducted by A&L Canada Laboratories Inc.,
London, Ontario). In year 1, manure composition was 2.7%
dry matter, 0.1022% total phosphorus, 0.3353% total potas-
sium, 0.622% total N, and 5319 ppm NH4-N; thus, about 435
and 372 kg ha−1 of total and NH4-N applied, respectively. In
year 2, the manure was similar with 2.7% dry matter, 0.1053%
total phosphorus, 0.3625% total potassium, although total N
was lower at 0.427% and 3492 ppm NH4-N; thus, about 299
and 244 kg ha−1 of total and NH4-N applied, respectively.

SCs were planted within 2 days of manure application
with a 3 m John Deere seed drill set at 19 cm row spacing.
Volunteer wheat in the noSC control was terminated with
glyphosate at 2.47 L ha−1 (1186 g a.e. ha−1) late-September.
All plots were strip-tilled early-November in 2016 and 2017
with an Orthman 1tRIPr strip till unit outfitted with a shank,
containment coulters, and rolling basket harrows at 76 cm
centers, creating a ∼25 cm strip. The following spring, re-
growing SCs were terminated 1 week before corn planting
with glyphosate at 3.3 L ha−1 (1380 g a.e. ha−1) tank-mixed
with saflufenacil at 71 g a.i. ha−1 in 2017, and with 3.3 L
ha−1 glyphosate alone in 2018. Pioneer P0474 and P0414 corn
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Table 1. Service crop treatments descriptions.

Treatment Species Planting rate (kg ha−1)

noSC – –

Rye Secale cereale 28.0

4sp Secale cereale 28.0

Trifolium incarnatum 5.6

Echinochloa esculenta 1.1

Helianthus annuus 2.2

12sp Secale cereale 16.8

Trifolium incarnatum 5.6

Echinochloa esculenta 1.1

Helianthus annuus 2.2

Brassica rapa subsp. rapa 0.1

Brassica oleracea 0.1

Avena sativa 9.0

Vicia villosa 2.2

Trifolium repens 1.1

Pisum sativium subsp. Arvense 13.5

Fagopyrum esculentum 3.4

Sorghum bicolor x Sorghum bicolor var. Sudanese 3.4

Abbreviations: noSC, no service crop; Rye, one species; 4sp, four species; 12sp, twelve species.
Note: Seeds were acquired through Quality Seeds Ltd. (Vaughan, ON) except for H. annuus, B. rapa subsp. rapa,
A. sativa, and S. cereale, which were bin-run seeds sourced from a local feed mill.

Table 2. Timing of site management and sampling activities over the course of the
experiment.

Activity Field 1 Field 2

2016 2017

Winter wheat harvest 13 July 19 July

Manure applied 24 July 24 July

Service crops planted 25 July 26 July

Service crop height measurements taken 9 September 8 September

Volunteer wheat chemically terminated in noSC 26 September 25 September

Service crop fall biomass sampled 24–25 October 19–21 October

Strip tillage performed 8 November 12 November

2017 2018

Service crop spring residue and soil sampled 13 April 23 April

Service crop chemically terminated 22 April 24 April

Corn planted 29 April 1 May

Sidedress UAN applied 16 June 14 June

Corn and soil sampled 28 June 28 June

Corn and soil sampled 29 August–1 September 20 August

Accumulated > 3125 CHUs (i.e., physiological maturity) 23 September 7 September

Corn harvested and soil sampled 26–30 October 3–4 October

Abbreviations: noSC, no service crop; UAN, urea ammonium nitrate; CHU, crop heat units.

(both 104-day maturity corn cultivars) were seeded in 2017
and 2018, respectively, at a target population of 74 600 plants
ha−1, with 76 cm row spacing and no starter fertilizer. The
side-dress (SD) treatment was urea–ammonium nitrate (28–
0–0) application was injected between the corn rows in June
at the 6–8 leaf stage (the collar method) at 468 L ha−1 (168 kg
N ha−1).

Weather
Hourly temperature and rainfall were monitored with an

ADCON (Austria, Europe) weather station. The months of
July–August of 2016 were as much as 4 ◦C warmer and
had more than double the amount of rain than either the
30-year monthly average or the corresponding period in
2017 (Table 3). The overwintering periods were also differ-
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Table 3. Weather data from July 2016 to October 2018 at VanArkel farm and
30-year means from Dresden, ON

Mean temperature (◦C) Total precipitation (mm)

Month 2016 2017 2018 30-year∗ 2016 2017 2018 30-year∗

Jan – − 1.0 − 5.4 − 5.5 – 35.0 35.0 51.5

Feb – 1.6 − 2.0 − 4.4 – 60.6 62.6 48.5

Mar – 1.2 − 0.2 0.7 – 98.4 39.0 55.4

Apr – 10.6 3.9 7.3 – 74.8 76.4 79.5

May – 13.6 17.3 13.9 – 133.8 64.0 76.5

June – 19.8 20.0 19.1 – 69.6 100.2 90.2

July 23.0 21.6 21.7 21.4 137.2 38.4 39.6 80.4

Aug 23.3 19.3 22.1 20.3 184.2 69.2 133.4 80.2

Sept 19.2 17.0 19.0 16 97.6 47.2 45.0 107.5

Oct 12.4 12.8 10.1 10 54.8 75.0 116.6 68.7

Nov 7.0 3.7 – 3.5 43.6 113.2 – 84.8

Dec − 1.7 − 4.6 – − 1.7 42.4 18.0 – 65.6

∗
Historical weather data gathered from the Canadian Climate Normals database for Dresden, ON (1981–

2010), approximately 2 km from the experimental site. En dashes (“–“) are used where weather data were
outside of the timeline of the experiment.

ent with January–March 2017 being up to 6 ◦C warmer
than the historical monthly average, whereas the same pe-
riod in 2018 was not different than historical averages. In
the 2 weeks after planting in 2017, the average daily tem-
perature was 9.4 ◦C and 89.6 mm of rainfall had accumu-
lated; water ponding was observed as evidenced by soil sur-
face crusting and movement of crop residues. Moderate-to-
severe slug damage was observed throughout the field, con-
sistent with other province-wide observations (Baute 2017).
For the same period in 2018, the average daily temper-
ature was 14.7 ◦C and 45.2 mm of rainfall had accumu-
lated (30-year [1981–2010] average rainfall for the month
of May is 76.5 mm). The 2017 and 2018 corn-growing sea-
sons were similar to historical average temperatures for the
area. Rainfall from June to September in 2017 was 230 mm,
whereas in 2018 and historically, it was 435 and 427 mm,
respectively.

Service crop, soil, and corn sampling
Service crop fall above-ground biomass was harvested

from four 0.5 m2 quadrats per plot. With the polyculture
treatments, species were sorted and weighed separately.
Species proportions in the polycultures were calculated us-
ing biomass from all four 0.5 m2 quadrats combined. Biomass
was dried at 65 ◦C, and dry weights were recorded for each
species and quadrat. The four quadrats were combined into
one sample per plot for C and N analysis; these were then
shredded using a gas-powered chipper shredder, and sub-
samples were ground to pass through a 2-mm sieve using
a Wiley mill (Thomas Scientific, Swedesboro, NJ, USA). In
the spring, SC residue was sampled prior to corn planting
from four 0.5 m2 quadrats per plot placed between the tilled
strips; SC regrowth (mostly rye) was not separated from dead
residue but was included in the total sample weight. Sam-
ples were dried at 80 ◦C, and dry weights were recorded
for each quadrat. Nutrient content was not determined for
spring residue.

Soil samples were collected at four times (Table 2). Prior to
corn planting, ten 2 cm diameter × 30 cm deep cores were
collected systematically across the plot, both in and out of
the tilled strips; in June and August, five cores were taken
20 cm from the corn row (to avoid fertilizer bands) in the area
used for destructive corn sampling (see below); and at corn
harvest, ten cores were taken 20 cm from the corn row in the
harvested area. At each of these times, soil was homogenized
to form one composite sample per plot and then frozen until
mineral N analysis.

Aboveground corn biomass was sampled in June (six to
eight leaf stage) and August (silking) (Table 2) by harvesting
ten neighboring corn plants from the same row and measur-
ing the length of the harvested area. Samples were dried at
65 ◦C, and dry weights were recorded. The samples were then
shredded using a gas-powered chipper shredder, and subsam-
ples were ground to 2 mm using a Wiley mill (Thomas Scien-
tific, Swedesboro, NJ, USA) to prepare for C and N analysis.

Corn harvest population was determined by counting the
number of plants within two neighboring, representative,
well-bordered 10 m rows, for a total harvest area of 15.2 m2.
Cobs from 40 plants within the 15.2 m2 harvest area were sys-
tematically selected, weighed fresh, dried at 65 ◦C, shelled,
and grain was weighed dry. The stover of the corresponding
40 plants was cut 3 cm above ground level, weighed fresh,
and a subsample of eight plant stover was weighed fresh,
dried at 65 ◦C, and weighed dry (including the shelled cob).
Moisture contents of the cobs and plant stover from the 40-
plant subsample were used to approximate grain and stover
dry weight of the total 15.2 m2 harvest area. The remain-
ing cobs and plant stover in the harvest area were collected,
weighed fresh, and discarded. Corn grain yields are reported
at 15% moisture.

Soil and plant nutrient content determination
Soil ammonium and nitrate N was extracted with 2 mol

KCl (Maynard et al. 2008) and analyzed with a continuous
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segmented flow autoanalyzer (SEAL Analytical AutoAnalyzer
III; Mequon, WI), using cadmium reduction and salicylate–
dichloroisocyanuric acid procedures for NO3 and NH4, re-
spectively. Soil mineral N concentrations (mg kg−1) were con-
verted to kg N ha−1 based on the bulk density of soil samples
taken from the site at the 5–10 cm depth (between 1.27 to
1.39 g cm−3). SC and corn N concentrations were analyzed us-
ing a LECO TruSpec CN Carbon Nitrogen Determinator (LECO
Corporation, St Joseph, MI) by combustion of a 0.1 g sub-
sample of SC biomass, corn biomass, or corn grain. Partial
plant available N——not including root N accumulation——for
corn was calculated by summing the soil, grain, and stover N
contents.

Statistical analysis
Statistical analyses were conducted in SAS 9.4 (SAS Insti-

tute Inc., Carey, NC). Analysis of variance (ANOVA) was per-
formed using the GLIMMIX procedure at a Type I error rate of
0.05. The experimental year was treated as a fixed effect along
with manure, SC, and SD. Random effects included block,
year(block); in cases where subsamples were taken, or where
multiple samples were taken over time, random effects were
adjusted to account for multiple sampling. For example, SC
biomass and residue were analyzed according to a split block
design with multiple samples; SC N content, and soil min-
eral N at planting were analyzed according to a split block
design; soil and corn N content were analyzed according to
a repeated-measures, split block-by-split plot design; and fi-
nal corn yield was analyzed according to a split block-by-split
plot design.

Plots of residuals were checked to ensure that errors fit
model assumptions; where there was heterogeneity of error,
the data were either transformed or modifications to G-side
or R-side covariance structure were made. When a lognor-
mal distribution was used, least-squared means on the data
scale were calculated using the delta method (Bowley 2015).
Preplanned orthogonal contrasts were used when appropri-
ate to make pooled comparisons between the SC treatments
and the noSC control. In all cases, the Kenward–Rogers ad-
justment was applied to correct for degrees of freedom and
means comparisons were made using the Tukey–Kramer ad-
justment at α = 0.05. Means comparisons among main ef-
fects were not explored where there were significant inter-
actions. Where there were significant interactions with year,
data were sliced to explore treatment pairwise comparisons
in each year.

Results

Service crop fall biomass and nitrogen, and
spring residue

In both years, adding manure to a rye SC nearly doubled the
amount of fall biomass compared with no-manure (Fig. 1). But
only in fall 2016 did manure increase the total biomass of the
4sp and 12sp SC polycultures. While seeding rates were the
same in both years, the proportions of species biomass in the
polycultures were different from 2016 to 2017. In fall 2016
with manure, there was 326 and 956 kg ha−1 rye biomass in

the 12sp and 4sp polycultures, respectively, compared with
2981 kg ha−1 rye biomass in the monoculture (Fig. 1). Mil-
let in 4sp and 12sp responded to manure leading the poly-
cultures to produce 3–4 t ha−1 more total biomass than the
monoculture in fall 2016, while also significantly increasing
their biomass relative to no-manure.

In 2017, rye dominated the polycultures such that there
was no difference in rye biomass between the polycul-
tures and the monoculture, with or without manure. There
was also no difference in total polyculture biomass, or
rye biomass in the polycultures, between manure and no-
manure; and with manure, there was no difference in total
biomass between rye or the two polycultures (Fig. 1). In
the two polycultures, millet made up only 0%–4% of total
biomass in 2017 compared with 19%–24% in 2016; and
sorghum comprised only 2% of the total 12sp biomass in
2017 compared with almost 20% in 2016. Legume contents
were negligible in both years.

Averaged across both years, fall above-ground biomass N
accumulation differed among SCs (P = 0.0029) such that the
4sp and 12sp polycultures accumulated 88.1 and 94 kg N
ha−1, respectively, whereas the rye monoculture accumu-
lated 66.2 kg N ha−1 (Fig. 2). There were no SC interactions
for fall biomass N accumulation. SCs responded to manure in
both years (P = 0.0195) and accumulated 120.8 and 128.5 kg
N ha−1 with manure versus 41.8 and 69.2 kg N ha−1 without
manure, in 2016 and 2017, respectively (Fig. 3). The SC C:N ra-
tio also responded to manure (P = 0.0192) being 19.7 without
manure and 16.0 with manure. The year × SC interaction was
also significant (P = 0.0009) such that in 2016 C:N ratios in-
creased from rye to 4sp to 12sp, but there were no differences
in 2017 (Table 4).

The following spring at corn planting, there were no differ-
ences in the amount of residue (dead residue and regrowth
combined) among the treatments due to either SCs or ma-
nure. There was approximately 4 Mg ha−1 of straw residue
across the treatments.

Soil and corn nitrogen over the growing season
In April 2017, soil mineral N in the surface 30 cm depth

ranged from 23.4 to 34 kg N ha−1; in April 2018, soil min-
eral N ranged from 73.2 to 118.9 kg N ha−1, where the period
around planting was warmer and drier than in 2017. While
there was a significant year × manure × SC interaction at
corn planting (P = 0.0229), there were no major differences
in soil mineral N levels among SC or manure treatments in
April 2017 or 2018 (data not shown). There were also no dif-
ferences in soil mineral N across SC treatments from June
through October in either year (P = 0.131).

Corn shoot N accumulation was affected by SCs (P = 0.0279)
such that shoot N content was reduced following rye com-
pared with noSC, averaged over both years (Table 5). However,
there were no SC × manure (P = 0.5863), SC × SD (P = 0.7497)
or SC × sampling date (P = 0.4315) interactions in corn shoot
N content over the June and August sampling dates. Corn
C:N over the same period was not different between SC treat-
ments (P = 0.2592) and neither was % N (P = 0.4228), suggest-
ing that corn response to SC was independent of soil N.
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Fig. 1. Total SC fall biomass and the amount of cereal rye biomass within the three SC treatments, under no-manure or
manure, from October 2016 and 2017. (a–c/A–D) Different letters with the same case indicate statistical difference according to
Tukey–Kramer adjust means comparisons at α = 0.05. Abbreviations: rye, cereal rye monoculture, 4sp/12sp, four/twelve species
polyculture. In both years across treatments, cereal rye biomass includes volunteer wheat given that it was not separated from
cereal rye biomass.

Corn yield and nitrogen at harvest
In 2017, there were no differences in corn harvest popula-

tion, which was 6.75 plants m−2; but in 2018, harvest popu-
lation was significantly reduced (P = 0.0046) in all SC treat-
ments (7.73, 7.35, and 7.23 plants m−2 for rye, 4sp, and 12sp,
respectively) compared with noSC at 8.61 plants m−2.

Without manure, there was no SC effect on corn grain yield
in either year (Fig. 4). But with manure, 2017 grain yield fol-
lowing rye was significantly less than noSC or 12sp, which
had small amounts of rye. Grain yield was reduced follow-
ing rye in 2018 compared with noSC, but there were no dif-
ferences among the other treatments. Grain N accumulation
was also significantly reduced following rye (106 kg N ha−1),

and was not different between noSC, 4sp, or 12sp (138, 122,
and 125 kg N ha−1), respectively (Table 6).

Averaged over the 2 years, total corn biomass at harvest
was reduced following rye compared with noSC, and biomass
following 4sp and 12sp were intermediate but not different
from noSC or rye (Table 7). Corn stover N accumulation fol-
lowing rye (68 kg N ha−1) was also reduced compared with
noSC (78 kg N ha−1), and stover N following 4sp or 12sp (71
or 72 kg N ha−1, respectively) was not different from either
noSC or rye (Table 6). There was no effect of SCs on stover C:N
at harvest (P = 0.9373). Finally, there was no significant effect
of SCs or any SC interaction on partial plant-available N over
the entire corn-growing season.
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Fig. 2. Fall SC biomass nitrogen accumulation, averaged
across 2016–2017 and manure treatments. (a–b) Different let-
ters indicate statistical difference according to Tukey–Kramer
adjust means comparisons at α = 0.05. Abbreviations: rye, ce-
real rye monoculture; 4sp/12sp, four/twelve species polycul-
ture.

Discussion

Variability in service crop growth
This experiment set out to evaluate the ability of SCs to

capture manure N and release it to a subsequent corn crop.
SCs were able to capture manure N in the fall (Figs 2–3),
but overall biomass production was variable (Fig. 1). The
challenge of one or a few species dominating, outcompet-
ing, or even antagonizing the others within SC polycultures
has been observed in other research, especially with cereal
rye (Bugg et al. 1991; Anderson 2016; Finney et al. 2016;
Appelgate et al. 2017; Murrell et al. 2017). This result was ob-
served in the present study where the SC polycultures had
different species biomass proportions across the 2 years they
were grown. Higher temperatures, more rainfall, deeper seed
placement at planting, or even higher N-content of the ma-
nure may have contributed to the greater success of millet
and sorghum in 2016 than 2017. In the end, cereal rye dom-
inated the fall biomass in the 4sp and 12sp polycultures in
2017 such that there was no difference in the amount of rye
biomass between the monoculture and the two polycultures
(Fig. 1). The variability in SC growth appears to be the source
of differences in corn growth and productivity the following
season.

Impacts of cereal rye on corn production
While SCs responded to manure in both years, there was no

detected increase in plant available N due to SCs the follow-
ing season. This suggests that, if SCs can recover and release
manure N to the following season’s cash crop, it does not oc-
cur at the same time as corn N demand. Other research sim-
ilarly shows that the impact of nonlegume, summer-seeded

SCs on soil N levels the following season is limited (Pantoja
et al. 2015; Ruark et al. 2018; Rutan and Steinke 2019).

Instead of improving corn production the following sea-
son, corn following the rye monoculture performed poorly,
having lower populations compared with the control in 2018,
reduced N accumulation over the June–August period (Table
5), reduced grain (Fig. 4) and total biomass yield (Table 7), and
reduced grain and stover N content (Table 6). Vyn et al. (2000)
found that yield differences in corn following SCs did not ex-
ist when in-season fertilizer N was added, suggesting immobi-
lization due to the SCs. This was not observed in the present
experiment. The SD application increased N uptake and grain
yields in all treatments, but the added fertility did not over-
come the negative effect of rye; notably there were no interac-
tions between SD and SC. Furthermore, the ∼20% lower yield
of the rye treatment, compared with the noSC treatment,
only occurred when manure was applied (Fig. 4); this coin-
cided with the increase in rye biomass from adding manure.
In both years, there was no statistical difference in corn yield
between the SC treatments and the control when no manure
was applied; adding manure doubled the monoculture rye
biomass from the previous fall (Fig. 1) and resulted in lower
grain yields following rye compared with noSC. In contrast,
adding manure decreased the proportion of rye biomass in
4sp and 12sp in fall 2016 by ∼70% and 90%, respectively; and
2017 grain yield following these polycultures was not differ-
ent than the control.

Several lines of evidence suggest that the negative effect
of rye on corn was not N-related. First, soil mineral N levels
at planting were nonlimiting and there were no differences
between SC in either year. Second, there was no reduction in
soil mineral N levels due to SCs over the June–October period.
Third, while corn N accumulation was reduced following rye
compared with noSC (Table 5), this is explained by the reduc-
tion in overall biomass, since there were no differences in
corn C: N between SCs. Finally, there was no effect of SCs on
partial plant-available N across either growing season. Corn
plants following rye were less effective in accumulating avail-
able N. Collectively, these results run contrary to the hypoth-
esis that SCs would increase plant available N from manure
the following season, but they also stand in contrast to a num-
ber of studies where the cause of reduced corn yield following
rye was attributable to reduced N availability (Tollenaar et al.
1993; Vyn et al. 2000; Appelgate et al. 2017). In the present
study, a reduction in corn yield was observed irrespective of
plant-available N.

There are alternative mechanisms that can explain lower
biomass production, yield, and N accumulation following rye.
Martinez-Feria et al. (2016) reported significant reductions in
corn grain yield (14%–34%), following cereal rye in 2 years of
their experiment when conditions were dry. Munawar et al.
(1990) also connected reduced corn yields following rye to dry
conditions, and Krueger et al. (2011) demonstrated water de-
pletion by a rye SC——though this did not reduce corn yields.
Using the same experimental plots as the present study, a re-
lated study on water dynamics did not find that the rye SC de-
pleted soil–water relative to noSC (Ogilvie 2019). In the tem-
perate region where this study was conducted, spring rains
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Fig. 3. Fall service crop nitrogen accumulation separated by year and manure application. (a–c) Different letters indicate
statistical difference according to Tukey–Kramer adjust means comparisons at α = 0.05.

Table 4. Service crop fall C: N in 2016 and 2017.

SC C:N SE

2016 rye 16.2c 1.0

4sp 21.7b 1.0

12sp 25.1a 1.0

2017 rye 14.3c 1.1

4sp 14.5c 1.0

12sp 15.6c 1.0

(a–c) Different letters within a column indicate statistical difference according
to Tukey–Kramer adjust means comparisons at α = 0.05.
Abbreviations: SC, service crop; rye, cereal rye monoculture; 4sp/12sp,
four/twelve species polyculture; SE, standard error.
Note: Other interactions with manure were not statistically significant.

Table 5. Corn shoot N accumulation over the June–August
sampling times by the SC main effect, averaged across years,
manure treatments, and SD.

SC kg N ha−1 SE

noSC 83a 6

rye 66b 5

4sp 69ab 5

12sp 68ab 5

(a–b) Different letters within a column indicate statistical difference according
to Tukey–Kramer adjust means comparisons at α = 0.05.
Abbreviations: SC, service crop; rye, cereal rye monoculture; 4sp/12sp,
four/twelve species polyculture; SD, sidedress; SE standard error.
Note: SC main effect is averaged over manure, SD, sampling times, and experi-
mental years since other main effects and (or) interactions were not statistically
significant.

are often sufficient to replenish soil water reserves (Unger
and Vigil 1998; Basche et al. 2016).

Some research has also suggested that reductions in corn
yield are caused by allelopathic or phytotoxic exudates from
rye (Raimbult et al. 1991; Tollenaar et al. 1993). However,
Dhima et al. (2006) tested extracts from three rye populations
and did not find an allelopathic effect on corn——though there
were allelopathic effects on other grass species. Duiker and

Curran (2005) did not detect any allelopathic effect of rye on
corn populations or yield in either zone-till or no-till treat-
ments, similar to the system in the present study, and Kaspar
and Bakker (2015) found that negative effects on corn pop-
ulations and yield (not necessarily allelopathic) depended on
the rye cultivar. In contrast to corn, soybean yields usually in-
crease following a rye cover crop (Beach et al. 2018), implying
that, unlike corn, soybean yield is not negatively affected by
rye.

Bakker et al. (2016) saw an increased prevalence of root rot
diseases in corn planted after a rye SC. Additionally, Acharya
et al. (2017) demonstrated that when corn was planted less
than 10 days after rye termination in a no-till system, corn
grain yield was reduced compared with corn planted more
than 10 days after termination, or corn following noSC. Fur-
ther study indicated that Pythium spp. were largely responsi-
ble for this disease complex, and that fungicide treatments
targeting Pythium spp. were able to reduce disease incidence
(Acharya et al. 2018). In-field effects of rye before corn in-
cluded reduced populations, yield, and yield-per-plant at har-
vest (Acharya et al. 2018).

Researchers in the present study were unaware of the rec-
ommendation of Acharya et al. (2017) to plant corn more than
10 days after rye termination; corn was planted 7 days after
terminating SCs, in both years. Reductions in corn N accu-
mulation and yield, following rye, could have been due to
pathogen transfer from rye to corn. The manure application
prior to SC planting, coupled with warmer weather and more
rainfall, likely favored the growth of warm-season grasses in
year 1, leading to a significant decrease in rye biomass in
the two polycultures while increasing rye biomass in the rye
monoculture (Fig. 1). This presumably created a larger root
system and a more dispersed host habitat for root pathogens
throughout the soil (Acharya et al. 2017). In the present study,
given that rye regrowth was terminated only 7 days prior to
planting, and with a planter setting of insufficient coulter
force to cut any rye roots extending to the corn strip, it is
possible that rye roots could still have had active tissue as
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Fig. 4. Final grain yield for the Year∗Manure∗SC interaction in 2017 and 2018. (a–d) Different letters indicate statistical differ-
ence according to Tukey–Kramer adjust means comparisons at α = 0.05. Abbreviations: rye, cereal rye monoculture; 4sp/12sp,
four/twelve species polyculture. ∗Grain weights are reported at 15% moisture.

seedlings developed, creating the opportunity for a “green
bridge” between hosts for pathogens.

While corn populations were not reduced by rye SC treat-
ments in 2017, they were reduced across all rye SC treat-
ments in 2018, where rye had been the dominant species
the previous fall. This finding is similar to that of Acharya
et al. (2018). The green bridge theory is consistent with re-
duced populations in 2018 and suggests that stunted corn
root growth could have reduced corn N accumulation and
yield. In a concurrent experiment, it was found that irriga-
tion eliminated the penalty to corn yield-per-plant following
rye (Ogilvie 2019). This makes sense if pathogens impaired
root growth and so reduced the ability of corn plants to take
up water——supplemental irrigation may have eliminated the
negative effect of limited root access. The observations above
by Martinez-Feria et al. (2016) and Munawar et al. (1990) also
support this assessment.

This study set out to explore the potential for SC polycul-
tures to improve manure N availability to corn relative to a
cereal rye SC monoculture or noSC. None of the SCs changed
manure N availability for corn, positively or negatively, but
rye——which was also present in the polycultures——caused sig-
nificant reductions in corn population, growth, and yield
that could not be attributed to manure N immobilization
by rye. Additionally, in year 1, when rye’s proportion in the
polycultures was reduced, corn yield was not adversely af-
fected following the polycultures; but in year 2, when rye
was more dominant in the polycultures, corn population,
growth, and grain yield following the polycultures suffered
a similar loss to the rye monoculture. It is possible that the
effect of rye on corn was caused by root pathogens, which can
use both rye and corn as a host, although no root measure-
ments were taken. If SCs are expected to provide ecosystem
services, improve crop yields, and be a cost-effective man-
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Table 6. Corn grain and stover N accumulation at harvest by
SC and SD main effects.

SC kg ha−1 SE SD kg ha−1 SE

Grain

noSC 138a 5 noSD 91b 3

rye 106b 4 SD 164a 5

4sp 122a 4

12sp 125a 4

Stover

noSC 78a 3 noSD 58b 3

rye 68b 3 SD 86a 3

4sp 71ab 3

12sp 72ab 3

(a–d) Different letters within a column and parameter indicate statistical differ-
ence according to Tukey–Kramer adjust means comparisons at α = 0.05.
Abbreviations: SC, service crop; rye, cereal rye monoculture; 4sp/12sp,
four/twelve species polyculture; SD, sidedress fertilizer N; SE, standard error.
Note: SC main effect is averaged over manure, SD, sampling times, and experi-
mental years; and SD main effect is averaged over manure, SC, sampling times,
and experimental years since other main effects and (or) interactions were not
statistically significant.

Table 7. Final corn biomass (dry weight of grain and stover)
for the SC main effect.

SC mg ha−1 SE

noSC 15.9a 0.4

rye 13.3b 0.4

4sp 14.5ab 0.4

12sp 14.6ab 0.4

(a–b) Different letters within a column indicate statistical difference according
to Tukey–Kramer adjust means comparisons at α = 0.05.
Abbreviations: SC, service crop; rye, cereal rye monoculture; 4sp/12sp,
four/twelve species polyculture; SE, standard error.
Note: SC main effect is averaged over manure, sidedress, sampling times, and
experimental years since other main effects and (or) interactions were not sta-
tistically significant.

agement tool for farmers, then the negative impacts of rye
may be mitigated, by planting corn later than 10 days af-
ter rye termination (Acharya et al. 2017) and tilling strips
such that no living rye roots can touch the roots of emerg-
ing corn roots. The risks of rye before corn need to be seri-
ously considered. Another SC species, in monoculture or mix-
ture, may lower the risk to corn production in the following
year.

Acknowledgements
The authors thank Laurent, Catherine, and Ian Van Arkel for
their hospitality and partnership in this research. We are
grateful to Jocelyn Pritchard for her considerable contribu-
tions to data collection and organizing field sampling in the
first year of the project. We also thank the Weather INnova-
tions Network for generously contributing a weather station
to the study and acknowledge Loblaw Co. Ltd. for operating
funds donated to Ralph C. Martin.

Article information

History dates
Received: 7 January 2022
Accepted: 25 March 2022
Accepted manuscript online: 29 April 2022
Version of record online: 20 July 2022

Copyright
© 2022 The Author(s). This work is licensed under a Creative
Commons Attribution 4.0 International License (CC BY 4.0),
which permits unrestricted use, distribution, and reproduc-
tion in any medium, provided the original author(s) and
source are credited.

References
AAFC. 2000. Kent County soil survey, No. 64. National Soil Database. Agri-

culture and Agrifood Canada, Canada.
Acharya, J., Bakker, M.G., Moorman, T.B., Kaspar, T.C., Lenssen,

A.W., and Robertson, A.E. 2017. Time interval between cover
crop termination and planting influences corn seedling disease,
plant growth, and yield. Plant Dis. 101(4): 591–600. doi: 10.1094/
PDIS-07-16-0975-RE.PMID: 30677366

Acharya, J., Bakker, M.G., Moorman, T.B., Kaspar, T.C., Lenssen, A.W., and
Robertson, A.E. 2018. Effects of fungicide seed treatments and a win-
ter cereal rye cover crop in no till on the seedling disease complex
in corn. Can. J. Plant Pathol. 40(4): 481–497. doi: 10.1080/07060661.
2018.1506503.

Anderson, R.L. 2016. Considering canopy architecture when planning
cover crop mixtures. Renew. Agr. Food Syst. 32(02): 109–111. doi:
10.1017/S1742170515000538.

Appelgate, S.R., Lenssen, A.W., Wiedenhoeft, M.H., and Kaspar, T.C. 2017.
Cover crop options and mixes for upper midwest corn–soybean sys-
tems. Agron. J. 109(3): 968–984. doi: 10.2134/agronj2016.08.0453.

Bakker, M.G., Acharya, J., Moorman, T.B., Robertson, A.E., and Kaspar,
T.C. 2016. The potential for cereal rye cover crops to host corn
seedling pathogens. Phytopathology, 106(6): 591–601. doi: 10.1094/
PHYTO-09-15-0214-R. PMID: 26926485

Basche, A.D., Kaspar, T.C., Archontoulis, S.V., Jaynes, D.B., Sauer, T.J., and
Parkin, T.B., 2016. Soil water improvements with the long-term use
of a winter rye cover crop. Agr. Water Manage. 172: 40–50. doi: 10.
1016/j.agwat.2016.04.006.

Baute, T. 2017. Good year for seedcorn maggot and other early sea-
son pests. [Online]. Available from: http://fieldcropnews.com/2017/
06/good-year-for-seedcorn-maggot-and-other-early-season-pests/ [ac-
cessed 23 January 2019].

Beach, H.M., Laing, K.W., Van De Walle, M., and Martin, R.C. 2018. The
current state and future directions of organic no-till farming with
cover crops in canada, with case study support. Sustainability, 10(2):
373. doi: 10.3390/su10020373.

Bowley, S.R. 2015. Non-Gaussian Data. A hitchhiker’s guide to statistics
in biology: Generalized linear mixed model edition. Plants et al., Inc.,
Kinkardine, Ontario, Canada.

Bugg, R.L., Wäckers, F.L., Brunson, K.E., Dutcher, J.D., and Phatak, S.C.
1991. Cool-season cover crops relay intercropped with cantaloupe:
influence on a generalist predator, geocoris punctipes (Hemiptera:
lygaeidae). J. Econ. Entomol. 84(2): 408–416. doi: 10.1093/jee/84.2.408.

Dabney, S.M., Delgado, J.A., and Reeves, D.W. 2001. Using winter cover
crops to improve soil and water quality. Commun. Soil Sci. Plan. 32(7-
8): 1221–1250. doi: 10.1081/CSS-100104110.

Dhima, K.V., Vasilakoglou, I.B., Eleftherohorinos, I.G., and Lithourgidis,
A.S. 2006. Allelopathic potential of winter cereals and their cover crop
mulch effect on grass weed suppression and corn development. Crop
Sci. 46: 345–352. doi: 10.2135/cropsci2005-0186.

Duiker, S.W., and Curran, W.S. 2005. Rye cover crop management for
corn production in the northern mid-atlantic region. Agron. J. 97(5):
1413–1418. doi: 10.2134/agronj2004.0317.

Downloaded From: https://staging.bioone.org/journals/Canadian-Journal-of-Plant-Science on 26 Dec 2024
Terms of Use: https://staging.bioone.org/terms-of-use

http://dx.doi.org/10.1139/CJPS-2022-0004
https://creativecommons.org/licenses/by/4.0/deed.en_GB
http://dx.doi.org/doi: \ignorespaces 10.1094/PDIS-07-16-0975-RE
https://pubmed.ncbi.nlm.nih.gov/30677366
http://dx.doi.org/doi: \ignorespaces 10.1080/07060661.2018.1506503
http://dx.doi.org/doi: \ignorespaces 10.1017/S1742170515000538
http://dx.doi.org/doi: \ignorespaces 10.2134/agronj2016.08.0453
http://dx.doi.org/doi: \ignorespaces 10.1094/PHYTO-09-15-0214-R
https://pubmed.ncbi.nlm.nih.gov/26926485
http://dx.doi.org/doi: \ignorespaces 10.1016/j.agwat.2016.04.006
http://fieldcropnews.com/2017/06/good-year-for-seedcorn-maggot-and-other-early-season-pests/
http://dx.doi.org/doi: \ignorespaces 10.3390/su10020373
http://dx.doi.org/doi: \ignorespaces 10.1093/jee/84.2.408
http://dx.doi.org/doi: \ignorespaces 10.1081/CSS-100104110
http://dx.doi.org/doi: \ignorespaces 10.2135/cropsci2005-0186
http://dx.doi.org/doi: \ignorespaces 10.2134/agronj2004.0317


Canadian Science Publishing

Can. J. Plant Sci. 102: 891–901 (2022) | dx.doi.org/10.1139/CJPS-2022-0004 901

Finney, D.M., and Kaye, J.P. 2017. Functional diversity in cover crop poly-
cultures increases multifunctionality of an agricultural system. J.
Appl. Ecol. 54: 509–517. doi: 0.1111/1365-2664.12765.

Finney, D.M., White, C.M., and Kaye, J.P. 2016. Biomass production and
carbon/nitrogen ratio influence ecosystem services from cover crop
mixtures. Agron. J. 108(1): 39–52. doi: 10.2134/agronj15.0182.

Gaudin, A.C.M., Westra, S., Loucks, C.E.S., Janovicek, K., Martin, R.C., and
Deen, W. 2013. Improving resilience of northern field crop systems
using inter-seeded red clover: a review. Agronomy, 3: 148–180. doi:
10.3390/agronomy3010148.

Hunter, M.C., Schipanski, M.E., Burgess, M.H., Lachance, J.C., Bradley, B.A.
Barbercheck, M.E., et al. 2019. Cover crop mixture effects on maize,
soybean, and wheat yield in rotation. Agric. Environ. Lett. 4(1): 1. doi:
10.2134/ael2018.10.0051.

Kaspar, T.C., and Bakker, M.G. 2015. Biomass production of 12 winter ce-
real cover crop cultivars and their effect on subsequent no-till corn
yield. J. Soil Water Conserv. 70(6): 353–364. doi: 10.2489/jswc.70.6.
353.

Komainda, M., Herrmann, A., Christof, K., and Taube, F. 2018. Effects
of catch crops on silage maize (Zea mays L.): yield, nitrogen up-
take efficiency and losses. Nutr. Cycl. Agroecosys. 110(1): 51–69.doi:
10.1007/s10705-017-9839-9.

Kramberger, B., Gselman, A., Janzekovic, M., Kaligaric, M., and Bracko,
B. 2009. Effects of cover crops on soil mineral nitrogen and on the
yield and nitrogen content of maize. Eur. J. Agron. 31(2): 103–109.
doi: 10.1016/j.eja.2009.05.006.

Krueger, E.S., Ochsner, T.E., Porter, P.M., and Baker, J.M. 2011. Win-
ter rye cover crop management influences on soil water, soil ni-
trate, and corn development. Agron. J. 103(2): 316–323. doi: 10.2134/
agronj2010.0327.

Marcillo, G.S., and Miguez, F.E. 2017. Corn yield response to winter cover
crops: an updated meta-analysis. J. Soil Water Conserv. 72(3): 226–239.
doi: 10.2489/jswc.72.3.226.

Martinez-Feria, R.A., Dietzel, R., Liebman, M., Helmers, M.J., and Archon-
toulis, S.V. 2016. Rye cover crop effects on maize: a system-level anal-
ysis. Field Crop. Res. 196: 145–159. doi: 10.1016/j.fcr.2016.06.016.

Maynard, D., Kalra, Y., and Crumbaugh, J. 2008. In Soil sampling and-
methodsof analysis, Nitrate and Exchangeable Ammonium Nitrogen.
Edited byCarter, and Gregorich. Taylor & Francis Group, L.L.C., Boca
Raton, FL.

Munawar, A., Blevins, R.L., Frye, W.W., and Saul, M.R. 1990. Tillage and
cover crop management for soil water conservation. Agron. J. 82(4):
773–777. doi: 10.2134/agronj1990.00021962008200040024x.

Murrell, E.G., Schipanski, M.E., Finney, D.M., Hunter, M.C., Burgess, M.
Lachance, J.C., et al. 2017. Achieving diverse cover crop mixtures:
effects of planting date and seeding rate. Agron. J. 109(1): 259–271.
doi: 10.2134/agronj2016.03.0174.

Ogilvie, C.M. 2019. Impacts of cereal rye (Secale cereale L.) in service crop
monocultures and polycultures on water supply to corn. MSc thesis,
University of Guelph, Guelph, Available from http://hdl.handle.net/1
0214/15846 [accessed 18 March 2021].

Ogilvie, C.M., Deen, W., and Martin, R.C. 2019. Service crop manage-
ment to maximize crop water supply and improve agroecosystem re-
silience: a review. J. Soil Water Conserv. 74(4): 389–404. doi: 10.2489/
jswc.74.4.389.

Pantoja, J.L., Woli, K.P., Sawyer, J.E., and Barker, D.W. 2015. Corn nitrogen
fertilization requirement and corn–soybean productivity with a rye
cover crop. Soil Sci. Soc. Am. J. 79: 1482–1495. doi: 10.2136/sssaj2015.
02.0084.

Parkin, T.B., Kaspar, T., and Singer, J.W. 2006. Cover crop effects on the
fate of n following soil application of swine manure. Plant Soil, 289:
141–152. doi: 10.1007/s11104-006-9114-3.

Raimbult, B., Vyn, T., and Tollenaar, M. 1991. Corn response to rye cover
crop, tillage methods, and planter options. Agron. J. 83(2): 287–290.
doi: 10.2134/agronj1991.00021962008300020005x.

Ruark, M.D., Chawner, M.M., Ballweg, M.J., Proost, R.T., Arriaga,
F.J., and Stute, J.K. 2018. Does cover crop radish supply
nitrogen to corn? Agron. J. 110: 1513–1522. doi: 10.2134/agronj2017.
06.0352.

Rutan, J., and Steinke, K. 2019. Corn nitrogen management following
daikon radish and forage oat cover crops. Soil Sci. Soc. Am. J. 83: 181–
189. doi: 10.2136/sssaj2018.07.0269.

Seman-Varner, R., Varco, J., and O’rourke, M. 2017. Nitrogen benefits of
winter cover crop and fall-applied poultry litter to corn. Agron. J.
109(6): 2881–2888. doi: 10.2134/agronj2016.11.0670.

Thapa, R., Poffenbarger, H., Tully, K.L., Ackroyd, V.J., Kramer, M., and
Mirsky, S.B. 2018. Biomass production and nitrogen accumulation
by hairy vetch–cereal rye mixtures: a meta-analysis. Agron. J. 110(4):
1197–1208. doi: 10.2134/agronj2017.09.0544.

Thilakarathna, M.S., Serran, S., Lauzon, J., Janovicek, K., and Deen, B.
2015. Management of manure nitrogen using cover crops. Agron. J.
107(4): 1595–10607. doi: 10.2134/agronj14.0634.

Tollenaar, M., Mihajlovic, M., and Vyn, T.J. 1993. Corn growth follow-
ing cover crops: influence of cereal cultivar, cereal removal, and
nitrogen rate. Agron. J. 85(2): 251–255. doi: 10.2134/agronj1993.
00021962008500020017x.

Unger, P.W., and Vigil, M.F. 1998. Cover crop effects on soil water rela-
tionships. J. Soil Water Conserv. 53(3): 200–207.

Vyn, T.J., Faber, J.G., Janovicek, K.J., and Beauchamp, E.G. 2000. Cover
crop effects on nitrogen availability to corn following wheat. Agron.
J. 92(5): 915–924. doi: 10.2134/agronj2000.925915x.

Wagger, M.G., Cabrera, M.L., and Ranells, N.N. 1998. Nitrogen and carbon
cycling in relation to cover crop residue quality. J. Soil Water Conserv.
53(3): 214–218.

Downloaded From: https://staging.bioone.org/journals/Canadian-Journal-of-Plant-Science on 26 Dec 2024
Terms of Use: https://staging.bioone.org/terms-of-use

http://dx.doi.org/10.1139/CJPS-2022-0004
http://dx.doi.org/doi: \ignorespaces 0.1111/1365-2664.12765
http://dx.doi.org/doi: \ignorespaces 10.2134/agronj15.0182
http://dx.doi.org/doi: \ignorespaces 10.3390/agronomy3010148
http://dx.doi.org/doi: \ignorespaces 10.2134/ael2018.10.0051
http://dx.doi.org/doi: \ignorespaces 10.2489/jswc.70.6.353
http://dx.doi.org/doi: \ignorespaces 10.1007/s10705-017-9839-9
http://dx.doi.org/doi: \ignorespaces 10.1016/j.eja.2009.05.006
http://dx.doi.org/doi: \ignorespaces 10.2134/agronj2010.0327
http://dx.doi.org/doi: \ignorespaces 10.2489/jswc.72.3.226
http://dx.doi.org/doi: \ignorespaces 10.1016/j.fcr.2016.06.016
http://dx.doi.org/doi: \ignorespaces 10.2134/agronj1990.00021962008200040024x
http://dx.doi.org/doi: \ignorespaces 10.2134/agronj2016.03.0174
<http://hdl.handle.net/10214/15846
http://dx.doi.org/doi: \ignorespaces 10.2489/jswc.74.4.389
http://dx.doi.org/doi: \ignorespaces 10.2136/sssaj2015.02.0084
http://dx.doi.org/doi: \ignorespaces 10.1007/s11104-006-9114-3
http://dx.doi.org/doi: \ignorespaces 10.2134/agronj1991.00021962008300020005x
http://dx.doi.org/doi: \ignorespaces 10.2134/agronj2017.06.0352
http://dx.doi.org/doi: \ignorespaces 10.2136/sssaj2018.07.0269
http://dx.doi.org/doi: \ignorespaces 10.2134/agronj2016.11.0670
http://dx.doi.org/doi: \ignorespaces 10.2134/agronj2017.09.0544
http://dx.doi.org/doi: \ignorespaces 10.2134/agronj14.0634
http://dx.doi.org/doi: \ignorespaces 10.2134/agronj1993.00021962008500020017x
http://dx.doi.org/doi: \ignorespaces 10.2134/agronj2000.925915x


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


